Introduction
============

As the predominant glial element in the sensory retina, Müller cells are responsible for the homeostatic and metabolic support of retinal neurons and are active players in virtually all forms of retinal injury and disease \[[@r1],[@r2]\]. In response to damage, the reactive changes in Müller cells, which are part of a process called gliosis, can be neuroprotective in the very early stages after damage. But when the activation is excessive, overactive gliosis becomes detrimental, forming glial scars and contributing to retinal remodeling \[[@r3]\]. The most sensitive nonspecific response of gliosis is the upregulation of the intermediate filaments' glial fibrillary acidic protein (GFAP), vimentin, and nestin, which, especially in the case of GFAP, can be used as an indicator of Müller cell activation \[[@r3]\]. Previous research has shown that inhibiting the expression of GFAP has a neuroprotective effect: the retinas of adult mice deficient in GFAP and vimentin provide a permissive environment for grafted neurons to migrate and extend neurites \[[@r4]\], and mice that are deficient in GFAP and vimentin show attenuated glial reactions and photoreceptor degeneration induced by retinal detachment \[[@r5]\].

Recent evidence indicates that the transcription factor sex-determining region Y (SRY) box 9---also known as Sox9 and part of the SOX family \[[@r6]\]--- regulates the glial activity of astrocytes and extracellular matrix (ECM) deposits in the central nervous system (CNS) \[[@r7]-[@r9]\]. Conditional Sox9 ablation in mice reduces GFAP expression, decreases the levels of chondroitin sulfate proteoglycans (Cspgs) that are the critical components of ECM, and improves motor function following spinal cord injury \[[@r7],[@r8]\]. Sox9 knockout mice have shown improved recovery following a stroke \[[@r9]\]. In the sensory retina, it has been demonstrated that Sox9 is expressed mainly in Müller cells in adult mice \[[@r10],[@r11]\], and our previous data have shown the upregulation of Sox9 in Müller cells in retinal light damage in rats \[[@r12]\], a model of retinal degenerative diseases. However, it is still unknown whether the downregulation of Sox9 can exert neuroprotection after retinal light damage.

In the current study, we aim to test the hypothesis that reduced Sox9 function exerts neuroprotection in light-induced retinal damage in rats. We further observe the expression levels of GFAP, vimentin, nestin, and Cspgs, exploring the possible mechanism of neuroprotection.

Methods
=======

Animals
-------

Adult female Sprague-Dawley (SD) rats weighing 200--220 g were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and all procedures were approved by the Animal Care Committee of the Eye and ENT Hospital of Fudan University. The rats were randomly divided into two groups: the Sox9-shRNA group that received an intravitreal injection of the Sox9-shRNA lentiviral vector and the control group that received a scrambled shRNA containing lentiviral vector. The animals were sacrificed at different time points during the experiment for functional and histological evaluations (n = 4/time point), immunohistochemistry (n = 3/time point), and western blot analysis (n = 3/time point). The animals were anesthetized with an intramuscular injection of ketamine (80 mg/kg) and xylazine (16 mg/kg) during the examination and then euthanized with an overdose of pentobarbitone.

Construction of lentiviral vectors
----------------------------------

Synthetic oligonucleotides containing the rat Sox9 splice variant (NCBI accession number [NM080403](https://www.ncbi.nlm.nih.gov/nuccore/NM080403)) RNA interference target GAAGGAGAGCGAGGAAGAT was synthesized, annealed, and ligated into the pLKD-CMV-Puro-U6-shRNA lentiviral vector (Obio Biotech company, Shanghai, China) between the AgeI and EcoRI restriction enzyme sites following the U6 promoter. The oligo sequences are 5′- CCGGGAAGGAGAGCGAGGAAGATTTCAAGAGAATCTTCCTCGCTCTCCTTCTTTTTTG-3′ (sense) and 5′-AATTCAAAAAA GAAGGAGAGCGAGGAAGATTCTCTTGAAATCTTCCTCGCTCTCCTTC-3′ (antisense). The mock vector, which produces a nontargeting sequence TTCTCCGAACGTGTCACGT, was used as the negative control that is a scrambled shRNA containing lentivirus vector. The viral supernatant was harvested, filtered, and concentrated. The lentivirus was procured from Obio Biotech (Shanghai, China). The titer of the recombinant lentivirus was 1×108 infectious units per ml.

Intravitreal injection and light exposure
-----------------------------------------

Two weeks before light exposure, 4 μl of the lentivirus vector were intravitreally injected into one eye of each rat with a microsyringe (Hamilton, Hamilton Bonaduz AG, Switzerland) under a microscope. The Sox9-shRNA group received an intravitreal injection of the Sox9-shRNA lentiviral vector and the control group received the scrambled shRNA containing lentiviral vector. After 2 weeks of intravitreal injections, the rats were placed in separate cages. After adapting to the dark for 24 h, their pupils were fully dilated with 1% atropine and then exposed to evenly distributed blue light at an intensity of 2500 lx for 48 h, after which they were returned to a normal light--dark cycle \[[@r12],[@r13]\].

Electroretinography
-------------------

Electroretinography (ERG) tests were recorded after 2 weeks of intravitreal injections and on days 3, 7, and 14 after light exposure. The rats were dark-adapted for 2 h before ERG and were anesthetized---per the protocols mentioned above---under dim red light. The pupils were fully dilated with 0.5% phenylephrine hydrochloride and 0.5% tropicamide. The cornea was anesthetized with 0.4% oxybuprocaine HCL. The animals were held steady with a bite bar and nose clamp in a stereotaxic frame. A heating pad maintained the body temperature at approximately 37 °C. Retinal signals were recorded from the cornea using a silver chloride ring-recording electrode. The reference electrode was connected to the nose, and a grounding silver needle electrode was connected to the tail. The ERGs were recorded using the Espion visual electrophysiology system (Espion E3, Diagnosys UK Ltd., Cambridge, UK). The procedure was designed to record the retinal responses of both rods and cones. Under scotopic conditions, a single flash (4 ms, 0.1Hz) was applied at the intensity of 0.01 cd.s/m2 to record rod-ERG waveforms and a single flash at the intensity of 20 cd.s/m2 to record mixed rod-cone-ERG waveforms. Ten ERG waves were averaged for each measurement. After 5 min of photopic adaptation (50 cd.s/m2), the cone-ERG was recorded using a single flash (4 ms, 1Hz) at the intensity of 20 cd.s/m2 with 20 times superposition, and the flicker-ERGs were recorded using a continuous flash (4 ms, 10Hz) at the intensity of 20 cd.s/m2 with 30 times superposition. The a-wave amplitude was measured from the baseline to the peak of the negative wave, and the b-wave amplitude was measured from the trough of the negative a-wave deflection to the peak of the positive wave.

Histologic analysis
-------------------

After 2 weeks of intravitreal injections and at 3, 7, and 14 days after light exposure, the rats were euthanized after the ERGs were recorded, following which their eyes were enucleated and immersion fixed in 4% paraformaldehyde (Beyotime, Shanghai, China) for 1 h and then transferred to 10% neutral-buffered formalin overnight. The paraffin-embedded tissue was cut into 5-μm-thick sections and stained with hematoxylin and eosin (HE). All eyes were cut vertically, and only the sections through the optic nerves were collected. Images of the tissue sections were captured using a photomicroscope (Leica Microsystems, Bensheim, Germany), and the thickness of the outer nuclear layer (ONL) was measured using an image-analysis system (Image-Pro Plus ver. 6.0, Media Cybernetics, MD). In total, 18 locations for each retinal section were measured, starting from either side of the optic nerve, with each segment 0.5 mm apart; the 18 measurements were then averaged for the mean thickness of the ONL.

Immunohistochemistry
--------------------

After 2 weeks of intravitreal injections and at 3, 7, and 14 days after light exposure, the rats were euthanized and transcardially perfused with saline followed by 4% paraformaldehyde; then, their eyes were enucleated. The cornea and lens were removed, and the eyecups were immersed in the same fixative for 2 h. The eyecups were cryoprotected in graded sucrose solutions (20%--30% in a phosphate buffer \[PB\]), embedded in an optimal cutting temperature (OCT) compound (Tissue-Tek; Ted Pella, Inc., Redding, CA), snap frozen in liquid nitrogen, and then sectioned (10 μm). Air-dried slides were incubated with a blocking buffer (phosphate buffer saline \[PBS\] containing 5% goat serum and 0.25% Triton X-100) at room temperature for 1 h. After washing three times in 0.01 M PBS, the sections were incubated overnight at 4 °C with the following primary antibodies: rabbit polyclonal antibody against Sox9 (1:800; Millipore, MA); mouse monoclonal antibody against glutamine synthetase (GS); (a specific Müller cell marker; 1:200; Abcam, MA, USA); and mouse monoclonal antibody against GFAP (1:1000; MAB360, Millipore, MA, USA). The sections were then rinsed three times in 0.01 M PBS and incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody (1:800; Invitrogen, Carlsbad, CA) at room temperature for 1 h. After three rinses with 0.01 M PBS, they were counterstained with DAPI (1:800, Sigma-Aldrich, St. Louis, MO) and examined using a photomicroscope (Leica Microsystems, Bensheim, Germany).

Western blot analysis
---------------------

After 2 weeks of intravitreal injections and at 3, 7, and 14 days after light exposure, the eyes were enucleated from the rats while the animals were under deep anesthesia. Their anterior segments were then removed, and the retinas were isolated and shock-frozen at -80 °C within approximately 3 min of enucleation. The retinas were later homogenized in a RIPA buffer (Beyotime), treated ultrasonically, incubated in ice for 15 min, and centrifuged at 12,000 ×*g* for 15 min at 4 °C. The supernatants were collected, and the protein concentration was determined by the BCA protein assay (Beyotime). Equal amounts of the protein were loaded into each lane, and the proteins were separated using 10% sodium dodecyl sulfate PAGE, which was followed by transfer to Immobilon-P membranes (Millipore). The membranes were preblocked in 5% nonfat milk at room temperature for 1 h and then incubated with a primary antibody directed against Sox9 (1:1000; AB5535, Millipore), GFAP (1:1000; MAB360, Millipore), vimentin (1:1000; ab8979, Abcam, UK), nestin (1:500; MAB530, Millipore), Cspg (1:200; CS-56 \[aggrecan\], C8035, Sigma-Aldrich), and β-actin (1:5000; ab20272, Abcam). A peroxidase-conjugated donkey anti-rabbit or anti-mouse secondary antibody (1:5000, A0208, A0216, Beyotime) was used. The immunoblots were visualized by chemiluminescence (Pierce Biotechnology, Rockford, IL). The chemiluminescent images were captured using a camera (Kodak Image Station 4000MM PRO, Carestream, Rochester, NY). Densitometric analyses were performed with image-analysis software (Image-Pro Plus ver. 6.0, Media Cybernetics, Bethesda, MD). First, the relative expression levels of target proteins were compared with the expression levels of β-actin in the same retinas. Then the values were compared with that of the control, which was normalized to 1.0.

Data analysis
-------------

Data were analyzed using statistical software (Stata, ver. 10.0; Stata Corporation, College Station, TX). Comparisons between the two groups were made using a Student *t* test. p\<0.05 was considered statistically significant.

Results
=======

Validation of the Sox9 knockdown at the protein level
-----------------------------------------------------

Two weeks after intravitreal injection, co-labeling immunostaining of Sox9 and GS (a specific Müller cell marker) was conducted. It was shown that Sox9 was mainly located in the Müller cell nucleus in both the control and Sox9-shRNA groups and there was relatively weaker staining of Sox9 in the Sox9-shRNA group compared with the control group ([Figure 1A](#f1){ref-type="fig"}). Furthermore, the western blot analysis for the expression of Sox9 was performed to validate the knockdown status of the Sox9-shRNA lentiviral vector. The data showed approximately 0.55-fold lower Sox9 protein level in the Sox9-shRNA group compared with the control (n = 3, t test, p\<0.05; [Figure 1B](#f1){ref-type="fig"}, Appendix 1), in which the Sox9 had been knocked down.

![Validation of the Sox9 knockdown status of the Sox9-shRNA lentiviral vector after two weeks of intravitreal injection using co-labeling immunostaining and western blotting. **A**: Sox9 was mainly located in the Müller cell nucleus in both the control group and the Sox9-shRNA group and there was relatively weaker staining of Sox9 in the Sox9-shRNA group compared with the control group. Scale bar, 50 μm. **B**: Western blot analysis of the Sox9 protein in the retinas from the control and Sox9-shRNA groups. Β-actin is the loading control. Relative expression of the Sox9 protein in the Sox9-shRNA group is significantly reduced compared with the control at every studied time point. Data are expressed as a percentage of the control values presented as mean ± SD (n = 3), t test, \*p\<0.05.](mv-v25-703-f1){#f1}

Histologic analysis
-------------------

Morphological changes after light expose were measured using HE staining. The mean thickness of the ONL decreased obviously with time in both groups. However, in the Sox9-shRNA group, the mean thickness of the ONL was significantly better preserved when compared with the control at each time point (n = 4, *t* test, p\<0.05; [Figure 2](#f2){ref-type="fig"}). These data demonstrate that the Sox9 knockdown can preserve the loss of retinal photoreceptors induced by light damage.

![The Sox9 knockdown preserved retinal morphology as measured by HE staining. Representative photomicrographs show the histological appearance of retinas from the control and Sox9-shRNA groups on days 3, 7, and 14 after light expose (**A**-**H**). All the pictures were taken of the superior regions (approximately 1.0 mm from the optic disc) of the retinas. Note that the mean thickness of the ONL was better preserved in the Sox9-shRNA group (**D**, **F**, **H**) than the control (**C**, **E**, **G**) at each time point. **I**: The morphometric analysis of the thickness of the ONL shows a significant preservation in the Sox9-shRNA group compared with the control group. Mean ± SD (n = 4), *t* test, \*p\<0.05. Scale bar, 50 μm.](mv-v25-703-f2){#f2}

Electroretinography
-------------------

An ERG was used to evaluate the retinal function after light exposure. We recorded rod ERG, mixed rod-cone ERG, cone ERG and flicker ERG, respectively ([Figure 3](#f3){ref-type="fig"}). The amplitudes of each ERG's waves decreased significantly with time in both groups. However, the amplitudes of the ERG waves in the Sox9-shRNA group were significantly better preserved compared with the control at each time point (n = 4, *t* test, p\<0.05; [Figure 4](#f4){ref-type="fig"}). The results indicate that the downregulation of Sox9 could recuse the loss of both retinal rod and cone function induced by light damage.

![The Sox9 knockdown preserved retinal function as measured by ERG. The representative ERGs (rod ERG, mixed rod-cone ERG, cone ERG and flicker ERG, respectively) from the control and Sox9-shRNA groups were recorded on days 3, 7, and 14 after light expose.](mv-v25-703-f3){#f3}

![The Sox9 knockdown preserved retinal function as measured by ERG. The Sox9 knockdown significantly preserved amplitudes of ERG waves in the Sox9-shRNA group compared with the control on days 3, 7, and 14 after light expose. Mean ± SD (n = 4), *t* test, \*p\<0.05.](mv-v25-703-f4){#f4}

GFAP, vimentin, nestin, and Cspg changes at the protein level
-------------------------------------------------------------

Western blot analysis was used to observe the changes of GFAP, vimentin, nestin, and Cspg proteins---which are closely related to Müller gliosis and ECM deposits---after light exposure. The expression levels of GFAP, vimentin, nestin, and Cspg proteins increased in the control group but were significantly downregulated in the Sox9-shRNA group at each studied time point after light damage (n = 3, *t* test, p\<0.05; [Figure 5](#f5){ref-type="fig"}, Appendix 2).

![The Sox9 knockdown attenuated the upregulation of GFAP, vimentin, nestin, and Cspg protein levels, as measured by western blot analysis. **A**: Western blot analysis was used to measure the GFAP, vimentin, nestin, and Cspg protein levels in the retinas from the control and Sox9-shRNA groups on days 3, 7, and 14 after light expose. Β-actin served as the loading control. The relative expressions of GFAP (**B**), vimentin (**C**), nestin (**D**), and Cspg (**E**) protein levels in Sox9-shRNA group are significantly downregulated compared with the control group. Data are expressed as a percentage of the control values presented as mean ± SD (n = 3), t test, \*p\<0.05.](mv-v25-703-f5){#f5}

Immunohistochemistry of GFAP
----------------------------

To confirm the expression changes of GFAP, the hallmark of Müller gliosis, the immunohistochemistry of GFAP was performed after light exposure. In both the control and Sox9-shRNA groups, the labeling intensity of GFAP increased, and the spatial distribution expanded on days 3, 7, and 14 after light exposure. However, the GFAP staining intensity and spatial distribution in retinas were obviously attenuated in the Sox9-shRNA group compared with the control at each time point ([Figure 6](#f6){ref-type="fig"}).

![The Sox9 knockdown decreased the expression of GFAP as measured by immunohistochemistry. In both the control and Sox9-shRNA groups, the labeling intensity of GFAP increased, and the spatial distribution expanded on days 3, 7, and 14 after light expose. However, the GFAP staining intensity and spatial distribution in the Sox9-shRNA group were obviously attenuated compared with the control at each time point. All photomicrographs were taken under a photomicroscope within identical parameters. Scale bar, 50 μm.](mv-v25-703-f6){#f6}

Discussion
==========

The results demonstrate that the intravitreal injection of the Sox9-shRNA lentiviral vector preserved rat retinal morphology and function after light damage. Further mechanistic investigation reveals that the Sox9 knockdown reduced the expression of intermediate filaments (GFAP, vimentin, and nestin) and Cspg deposition. These results support our hypothesis that reduced Sox9 function exerts neuroprotection in light-induced retinal damage in rats, indicating a potential therapeutic target for retinal degenerative diseases.

In retinal development, Sox9 is expressed in mouse multipotent retinal progenitor cells and then mainly in Müller cells in the sensory retina \[[@r10],[@r11]\]. Our previous data also showed that Sox9 was located in the nuclei of Müller cells in normal adult rats \[[@r12]\]. Moreover, the upregulation of Sox9 and migration of Müller cells into the choroid in rats with retinal light damage was observed, indicating that Sox9 was actively involved in Müller cell gliosis and retinal remodeling \[[@r12],[@r14]\]. Though previous studies demonstrated that Sox9 was also expressed in retinal pigment epithelium cells \[[@r15]\], herein we mainly focused on the effect of Sox9 downregulation on Müller cells, which are the predominant glial element in the retina.

In the current study, we observed that the lentivirus vector-mediated knockdown of Sox9 preserved the retinal morphology and function of rats after light damage. This is consistent with the neuroprotective role of Sox9 knockout in the CNS. Conditional Sox9 ablation in mice improves motor function following spinal cord injury \[[@r7],[@r8]\], and Sox9 knockout mice have improved recovery following a stroke \[[@r9]\]. In addition, though the amplitudes of each ERG's waves in the Sox9-shRNA group were significantly better preserved compared with the control at each time point, the amplitudes of the ERG waves decreased significantly with time in both groups. On one hand, this demonstrates that SOX9 knockdown could preserve both retinal rod and cone function after light damage; on the other hand, this indicates that the neuroprotective effect is limited. This might be due to the incomplete knockout of SOX9 or the complicated mechanism of light damage. And so far, we don't know whether this neuroprotective effect lasts until 14 days later. These questions need to be elucidated in the next study.

One possible mechanism behind the neuroprotection of the Sox9 knockdown may be through the inhibition of Müller cell gliosis. As the predominant glial element in the retina, Müller cells are sensitive to various retinal injuries and experience a series of reactive changes \[[@r2]\]. This gliosis can be neuroprotective in the very early stages after damage. But when the activation is excessive, overactive gliosis becomes detrimental and forms glial scars, contributing to retinal remodeling \[[@r3],[@r16]\]. Astrocyte activation and reactive gliosis are becoming important therapeutic targets of CNS diseases \[[@r17]-[@r19]\]. The hallmark of gliosis is the upregulation of intermediate filament proteins (GFAP, vimentin, and nestin), especially GFAP \[[@r20]-[@r23]\]. These three markers of glial activation in our study decreased after Sox9 downregulation, indicating that Müller cell gliosis was probably inhibited. Previous research has shown that inhibiting the expression of GFAP and vimentin has a neuroprotective effect. The retinas of adult mice are deficient in GFAP and vimentin provides a permissive environment for grafted neurons to migrate and extend neurites \[[@r4]\]. Mice deficient in GFAP and vimentin show attenuated glial reactions and photoreceptor degeneration induced by retinal detachment \[[@r5]\]. The absence of GFAP and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration \[[@r24]\]. Our data indicate that the Sox9 knockdown might attenuate glial activation after retinal light damage, which coincides with the role of Sox9 knockout in the CNS \[[@r7],[@r9]\].

A second possible explanation for neuroprotection of the Sox9 knockdown may be the reduction of Cspg deposits. Cspgs---an ECM family member---accumulate in the damaged CNS, during traumatic brain or spinal cord injury and multiple sclerosis, and Cspgs may help drive pathogenesis \[[@r25]-[@r27]\]. More recently, it has been shown that the knockout of Sox9, which induces destructive ECM components in organ fibrosis and related disorders \[[@r28]-[@r30]\], downregulates Cspg levels and has neuroprotective properties in the CNS. Conditional Sox9 ablation in mice reduces Cspg levels and improves motor functions following a spinal cord injury \[[@r8]\]. The Sox9 knockout leads to reduced Cspg levels, increased tissue sparing, and improved post-stroke neurologic recovery \[[@r9]\]. In retinas, the Cspg levels become highly expressed in some, but not all, models of inherited photoreceptor degeneration \[[@r31],[@r32]\]. In the current study, our data show that Cspg levels had an increasing trend in the control group after light damage but were significantly downregulated by the Sox9 knockdown.

Müller cell gliosis and ECM remodeling involve a series of complicated cellular and molecular events. The data indicating some proteins might be regulated by SOX9 are only preliminary results, providing direction for future research regarding the potential mechanisms involved.

In conclusion, our data show that intravitreal injections of the Sox9-shRNA lentiviral vector preserved rat retinal morphology and function after light damage and downregulated GFAP, vimentin, nestin, and Cspgs, which are related to Müller cell gliosis and ECM remodeling. These results indicate that Sox9 might be a potential therapeutic target for retinal degenerative diseases.
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To access the data, click or select the words "[Appendix 1](http://www.molvis.org/molvis/v25/appendices/mv-v25-703-app-1.tif)." Validation of the Sox9 knockdown status of the Sox9-shRNA lentiviral vector after two weeks of intravitreal injection using western blotting. Raw western blots of the Sox9 and Β-actin protein in the retinas from the control and Sox9-shRNA groups. Β-actin served as the loading control. The expression of the Sox9 protein in the Sox9-shRNA group is reduced compared with the control (n=3).

To access the data, click or select the words "[Appendix 2](http://www.molvis.org/molvis/v25/appendices/mv-v25-703-app-2.tif)." The Sox9 knockdown attenuated the upregulation of GFAP, vimentin, nestin, and Cspg protein levels, as measured by western blot. Raw western blots of the GFAP, vimentin, nestin, Cspg and Β-actin protein in the retinas from the control and Sox9-shRNA groups on days 3, 7, and 14 after light expose. Β-actin served as the loading control (n=3).
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